Generalist species and phenotypes are expected to perform best under rapid environmental change. In contrast to this view that generalists will inherit the Earth, we find that increased use of a single host plant is associated with the recent climate-driven range expansion of the UK brown argus butterfly. Field assays of female host plant preference across the UK reveal a diversity of adaptations to host plants in long-established parts of the range, whereas butterflies in recently colonized areas are more specialized, consistently preferring to lay eggs on one host plant species that is geographically widespread throughout the region of expansion, despite being locally rare. By common-garden rearing of females' offspring, we also show an increase in dispersal propensity associated with the colonization of new sites. Range expansion is therefore associated with an increase in the spatial scale of adaptation as dispersive specialists selectively spread into new regions. Major restructuring of patterns of local adaptation is likely to occur across many taxa with climate change, as lineages suited to regional colonization rather than local success emerge and expand.
Introduction
The potential for the rapid evolution of ecological traits demanded by climatedriven range expansion remains unclear [1] [2] [3] [4] [5] . In particular, the adaptation of existing populations to local conditions will reduce their ability to colonize new geographical regions if their hosts are rare or patchily distributed in new regions [3, 6, 7] . This means that unless shifts in the geographical position of thermally suitable habitat are matched by corresponding shifts in specific food sources, prey or symbionts, specialization on local resources could condemn species to extinction [8, 9] . Generalist species are therefore expected to expand their ranges most readily [7] , whereas specialist species may need to evolve more generalist phenotypes in order to overcome ecological barriers to dispersal [1, 3, 10, 11] . At the same time, although local specialization may slow spread at ecological margins, local adaptation across a species' range provides genetic diversity from which successful colonizing phenotypes could be selected. Such geographical variation is determined by divergent selection and gene flow among populations [12] [13] [14] , and by the balance of local extinction and colonization within a metapopulation network [15] [16] [17] .
Range expansion generally favours the evolution of increased rates of dispersal [1, 3, 10, 18] , and the use of resources that are widespread across the landscapes into which range expansion occurs [3, 19] . Host preference is a key driver of habitat use in phytophagous insects such as butterflies, and there is strong evidence both for a heritable component to host plant preference [1, [20] [21] [22] as well as for its rapid evolution [23] . Range expansion should therefore involve the spread of generalist phenotypes, which will, in turn, cause a shift in population ecology from local-to regional-scale adaptation in the new parts of the range. Once new sites are colonized, and range expansion slowed, selection may again favour adaptations to the locally most abundant or profitable host, and reduced dispersal rates [10, 18, 24] . However, the loss of genetic diversity during range expansions may limit the capacity for local adaptation in recently colonized regions, particularly where this loss is driven by selective sweeps as well as genetic drift [25] .
The brown argus butterfly, Aricia agestis (Lepidoptera: Lycaenidae), has expanded its geographical range in the UK over the past 25 years in response to climate warming [26, 27] . Distinct populations of its different host plant species are found throughout its range. Across the long-established range in southern England, the brown argus is common on chalk grassland habitats characterized by high densities of the host plant, Helianthemum nummularium (Cistaceae, also known as Helianthemum chamaecistus), but also on a diverse range of other habitats (e.g. sand dunes, heathlands and grasslands on disturbed ground), where host plants in the Geraniaceae family, mainly Geranium molle, Geranium dissectum and Erodium cicutarium, are found.
We first consider levels of specialization in egg-laying behaviour on these four different plant species at different local populations of A. agestis, within the long-established range. All of these host plants also occur in the recently colonized range, but H. nummularium is far more localized, and is almost entirely absent from the region immediately north of the historical distribution [28] . This means that selection for increased use of Geraniaceae species (and reduced use of H. nummularium) may have been necessary to allow the northward spread of the brown argus butterfly [1, 14, 26] . In this study, we test this suggestion empirically in more detail, by assaying variation in host preference behaviour and dispersal-related morphology throughout the species' UK range.
Material and methods (a) Geographical variation in host plant abundance
Fifteen sites across the UK distribution of A. agestis were selected to represent all combinations of sites with respect to habitat type and colonization history (figure 1a and the electronic supplementary material, table S1). The dominant host plant at each site was determined using records of host plant presence in 2000/2001, and vegetation surveys conducted in 2004/2005. For the vegetation surveys, 20 quadrats were placed randomly at each site in each habitat type known to be frequented by A. agestis, and the percentage cover estimated for its four UK host plants, G. molle, G. dissectum, E. cicutarium and H. nummularium. These classifications were unchanged in subsequent surveys in 2007-2011.
(b) Geographical variation in site host preference Site host preference was measured by estimating the average number of eggs laid by free-flying females on greenhouse-grown host plants (G. molle, G. dissectum, E. cicutarium and H. nummularium) at each of the 15 study sites (figure 1a). Host preference assays were conducted during the second brood (late-July to early-September) in 2000, 2001 and 2004 (see the electronic supplementary material, table S3), and were repeated at three sites across 2 years. There was no significant effect of year on site-level preference estimates at these three sites (see the electronic supplementary material, table S2), so host preference data were pooled across years for subsequent analyses.
For each sampling year, individual potted host plants of the four host plant species were grown to an equivalent size from a single (UK) commercial source of seeds or plugs in a common greenhouse environment. A host plant of each species was placed in a randomized position in each corner of a 0.5 Â 0.5 m quartet, with 16-24 such quartets placed randomly across the study site. The plants were left in situ for 7-21 days. The eggs laid on each surviving host plant by free-flying females at a site were then counted. Eggs typically take approximately one week to hatch in the field, so the numbers on the host plants reflect the rate of recent egg-laying on each host plant. Preferences for different host species at a site were estimated using the average number of eggs laid per individual plant of each host species. The number of eggs laid on each individual host plant was resampled 10 000 times (with replacement) for each host species at a site to produce bootstrap 95% confidence limits for the average number of eggs per host species ( figure 1b-d) . The number of eggs laid on each individual plant was used as the response variable in a generalized linear model (GLM) with negative binomial error (for overdispersed count data) implemented in the MASS R package [29] . To test for an association between host preference and habitat type, the model used percentage H. nummularium preference (as estimated above) as the response variable, with habitat type as the explanatory variable, weighted by the total number of eggs laid on host plants at a site. The difference in predicted mean H. nummularium preference for the different habitat types was estimated. To test the significance of an observed difference, we re-estimated this difference following a permutation of sites among the two habitat types and repeated this 10 000 times to produce a distribution of simulated differences. A p-value represents the proportion of simulated differences greater than the observed difference. All statistical analyses were conducted with R statistical software [30] , unless otherwise specified. Likelihood-ratio tests were used to test for a significant change in the log-likelihood of a model on removal of each model term.
(c) Comparison of variance in host preference among sites of differing colonization history
Variance components analyses were used to estimate the proportion of among-and within-site variance in host preference for all long-established sites and all recently colonized sites separately. To estimate within-site variation in host preference, the quartets of host plant at a site on which eggs were laid (ranging from five to 33 quartets at different sites) were treated as independent assays of host preference within a site. Preference for H. nummularium or G. molle was estimated as the number of eggs laid on that plant in a quartet relative to the number of eggs laid on the three Geraniaceae host plants (or remaining two Geraniaceae host plants) in the quartet. A generalized linear-mixed effects model with binomial error ('lme4' R package [31] ) was fitted to these data, including the random effects of variation among sites and the variation among host plant quartets within each site. The proportion of variance among sites relative to total variance (among-site variance/ (among-site þ within-site variance)) in host preference was then estimated for the long-established sites and recently colonized sites separately. The difference between established and recently colonized sites in the proportion of among-site variance in preference for H. nummularium was calculated, and the significance of this difference tested with permutations at the level of site using the R package 'permute' [32] . The permutation design randomly allocated five study sites to a recently colonized group and 10 to a long-established group, whereas within-site structure in quartet-level host preference estimates remained as measured. The difference between recently colonized and long-established sites in the proportion of among-site variance in host preference was then re-estimated. This difference was calculated for 10 000 permutations of study sites among the two colonization history classifications; the p-value represents the proportion of simulated differences that are greater than the observed difference. Forewing area was estimated using tpsUtil and tpsDig, based on the square root of the sum of squared distances of a set of 14 landmarks from their centroid (http://life.bio.sunysb.edu/morph/). Measurements were highly repeatable for thorax and abdomen mass (0.20% measurement error, n ¼ 95) and forewing size (0.47% error, n ¼ 10). Variation in male or female forewing area and thorax mass, averaged within families, was tested using a linear-mixed effects model, with site colonization history as a fixed factor, total mass as a covariate and site of maternal origin as a random effect. By using total mass as a covariate in the analyses of flight morphology, we also account for any variation in body mass that may result from differential maternal investment in offspring. Differences among sites of different habitat type, the two rearing batches ('batch' effect) and the study sites (within each rearing batch) were tested by replacing 'site colonization history' with each of these fixed effect factors in turn.
Results (a) Geographical variation in host plant abundance
Helianthemum nummularium was the dominant host plant at all chalk grassland sites, whereas plants in the Geraniaceae were the only potential hosts present in other habitat types used by A. agestis (see the electronic supplementary material, table S1). Helianthemum nummularium cover in quadrats averaged 28.8% (range ¼ 11.0-46.6%) across the seven chalk grassland sites surveyed, with Geraniaceae host species found in only 1 out of 140 quadrats. By contrast, H. nummularium was never recorded in non-chalk habitats, and the average host cover of G. molle and E. cicutarium combined was 5.8% (range ¼ 1.0-10.7%), with G. dissectum not found in any vegetation quadrats. Sites were therefore divided into 'H. nummularium-dominated sites' and 'Geraniaceae-dominated sites' for analysis (figure 1). Habitat of origin and site colonization history also had no effect on average development time on G. molle (table 2) . Within each rearing batch, progeny from all sites developed equally successfully on G. molle leaf (see the electronic supplementary material, tables S4 and S5a,b), and relative thorax mass was still greater in recently colonized sites (see the electronic supplementary material, table S5a).
Discussion
The recent range expansion of A. agestis is associated with increased temperatures at its range margins, and has involved butterflies colonizing landscapes where Geraniaceae host plants, particularly G. molle, are widespread, and H. nummularium habitat is rare [26] . We assayed host preference at 15 sites throughout the UK range of A. agestis, to test in detail the prediction, first proposed in Thomas et al. [1] , that host preference evolution has facilitated the range expansion of the brown argus butterfly. Our data confirm a shift from locally adapted patterns of host plant use in longestablished areas, to host preference profiles that consistently favour G. molle in recently colonized locations, even if not associated with local habitat type or host plant availability.
Rearing of larvae collected from sites in a common environment also suggests the evolution of increased female flight capacity associated with range expansion. These data, combined with molecular genetic analysis [14] , indicate that climate change adaptation in this species has involved the rapid evolution of key ecological traits, involving the selective spread of genotypes that prefer the most geographically widespread host plant throughout the region of expansion, and have higher dispersal ability. This observation mirrors the success of invasive species that are adapted to widespread rather than localized resources [35] . We identified significant divergence in site-level host plant preference across the long-established part of the UK distribution ( figure 1c,d) , with preference profiles typically matching the most locally abundant host plant. Four of the six chalk grassland sites showed strong preferences for the dominant species H. nummularium (ranging from 41.7% to 74.1%; figure 1c and the electronic supplementary material, table S3). Evidence for local adaptation was also observed at the four long-established Geraniaceae-dominated study sites: the two sites with the highest percentage preference for E. cicutarium were coastal dune grasslands where E. cicutarium is locally abundant ( figure 1d(i,iii) and the electronic supplementary material, table S3), and preference for laying eggs on the locally absent H. nummularium was correspondingly low (ranging from 2.2% to 6.6%; figure 1d and the electronic supplementary material, table S3).
Variation in preference among sites in the longestablished part of the range, particularly in preference for H. nummularium, is greatly reduced in areas colonized during the recent range expansion (table 1) . Across sites in the recently colonized parts of the range, consistent patterns of preference are observed for all four host plant species, with the majority of eggs laid on G. molle (figure 1b), irrespective of the locally abundant host plant (e.g. at Barnack and Gibraltar Point). Use of G. molle preference was also consistently observed at established sites (lower than 25% at only one established site), and was the most preferred host at Table 2 . Variation in family mean estimates of days to adult emergence and two measures of flight morphology (thorax mass and forewing size) for (a) females and (b) males reared in a common environment from eggs collected from sites differing in colonization history (long-established and recently colonized) and habitat type: Helianthemum nummularium-dominated, or Geraniaceae-dominated. (Mean relative thorax mass and relative forewing size represents the means of residuals of a regression between thorax mass and total mass (or forewing size and total mass). Standard errors (s.e.) and sample sizes (number of families, n) of these flight morphology measures are also given. Statistics were produced by a combination of linear-mixed models to control for site variation or a linear model with covariates including total mass to control for variation in body size. Significance of factor: * two long-established H. nummularium-dominated sites. The ability to use G. molle as a host is therefore widespread in the established part of the range, even at chalk grassland sites where G. molle is locally rare. This observation supports evidence that selection on standing genetic variation between long-established populations is associated with the loss of host preference variation during the colonization of new habitats [14] . In many organisms, the use of a wide range of resources is traded off with reduced ability to use any single resource [36] . The persistent tendency of females to use G. molle at longestablished H. nummularium sites may reflect a host on which all larvae develop successfully (at least during warm summers-we observed no differences in development time or larval survival in our rearing experiments; electronic supplementary material, table S4), an adaptation to a resource with a widespread distribution, or the continual influx of females adapted to G. molle from the surrounding landscape [14] . In the Glanville fritillary butterfly (Melitaea cinxia) variation in host preference is associated with local host abundance, but also with host preference in and connectivity to surrounding patches [16, 19] . Similarly, in A. agestis in north Wales, gene flow and population turnover result in local voltinism profiles adapted to climatic conditions across the population network as a whole, rather than those expected given the local microclimate [37] .
In contrast to G. molle, H. nummularium is locally abundant but geographically localized [28] , so its use should increase fitness only when individuals remain in a H. nummulariumdominated habitat, but not when dispersing to new locations, or crossing areas where the spatial distribution of this host is highly fragmented. Bodsworth [38] showed that females reared from eggs collected from a long-established, G. mollepreferring site move between host plant patches ca 20% faster on average than females reared from eggs collected from a long-established, H. nummularium-preferring site [38] . Higher movement rates are also expected where host plant densities are low and searching behaviour is the priority: females of the butterfly Euphydryas editha are more likely to leave a habitat patch if their preferred host plant is rare or absent [39] . This association between G. molle preference and faster movement, in addition to the broader distribution of G. molle, would lead to spread at the species' margin being dominated by G. molle-preferring genotypes.
Laboratory-reared A. agestis females from recently colonized sites also have significantly greater relative thorax mass compared with those from long-established sites (table 2).
These differences in thorax investment are not related to significant differences in survival or total mass, making it unlikely that they reflect between site differences in maternal investment or condition (see the electronic supplementary material, tables S4 and S5). Although we report no direct association between flight morphology and dispersal ability here, in the speckled wood butterfly, P. aegeria, relative thorax mass shows heritable variation [34] and is associated with increased flight acceleration capacity [33] . The significant increase in flight capacity observed for females, but not males, has been observed in other studies [40, 41] . Generally, males defend particular locations within a site to find females, whereas females disperse, sometimes over larger distances, to find suitable patches of host plant on which to lay their eggs.
Predicting when and how range shifts will allow populations to track climate change is important for identifying those species most at risk of extinction [8, 9] , as well as for designing potential mitigation strategies [42] . This study underlines that understanding the evolutionary responses that will underlie range expansion in many species is crucial [2] [3] [4] 11] . In addition, our data demonstrate a reduction in host preference variation associated with range expansion of A. agestis, and adaptation to the regional availability of hosts rather than their local abundance. This loss of standing genetic variation associated with rapid evolution may reduce responses to new selection pressures and prevent further range expansion into new biotic environments [25] . In this case, reduced capacity to use H. nummularium looks likely to slow the expansion of A. agestis across H. nummularium habitats in north Yorkshire as the climate continues to warm. Maintaining genetic variation in key ecological traits by population translocation or assisted migration may therefore be crucial for sustaining, as well as generating, responses to climate change in many species throughout the twenty-first century [5] .
